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            Channelrhodopsins are phototaxis receptors in the plasma membranes of motile 
unicellular algae.  They function as light-gated cation channels and this channel activity 
has been exploited to trigger action potentials in neurons with light to control neural 
circuits (“optogenetics"). Four channelrhodopsins were identified in two algal species, 
Chlamydomonas reinhardtii and Volvox carteri, with known genome sequences; each 
species contains 2 channelrhodopsins, one absorbing at longer wavelengths and one at 
shorter wavelengths, named CrChR1 and CrChR2, respectively. Our goals are to expand 
knowledge of channelrhodopsin mechanisms and also to identify new channelrhodopsins 
from various algal species with improved properties for optogenetic use. For these aims 
we are targeting algae from extreme environments to establish the natural diversity of 
their properties. We cloned a new channelrhodopsin from the psychrophilic (cold-loving) 
alga, Chlamydomonas augustae, with degenerate primers based on the 4 known 
homologs. The new protein is 48% and 52% identical to CrChR1 and CrChR2, 
respectively. We expressed the channelrhodopsin in HEK293 cells and measured light-
induced currents to assess their kinetics and action spectrum. Based on the primary 
 v 
   
structure, kinetics of light-induced photocurrents in HEK293 cells, and action spectrum 
maximum of 520 nm near that of the two previously found CrChR1, we named the new 
channelrhodopsin CaChR1. The properties of robust channel activity at physiological pH, 
fast on-and-off kinetics, and greatly red-shifted action spectrum maximum from that of 
CrChR2, make CaChR1 advantageous as an optogenetic tool. To know this new 
channelrhodopsin better, we expressed His-tagged CaChR1 in Pichia pastoris and the 
yield is about 6 mg/L. The purified His-tagged CaChR1 exhibited an absorption spectrum 
identical to the action spectrum of CaChR1-generated photocurrents. The future work 
will be measurement of the photocycles of CaChR1 by flash photolysis, crystallization of 
CaChR1 for the structure and mutagenesis of CaChR1 to find the critical amino acids 
accounting for red-shifted spectra, slow inactivation and rapid on-and-off kinetics. 
  
Seven new channelrhodopsins including CaChR1 from different algal species 
have been cloned in our lab at this time, bringing the total known to 13. The work of 
cloning of these new channelrhodopsins along with the expression of CaChR1 was 
published in Photochemistry and Photobiology in January 2012 (1). 
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            Light is essential to the behavior of photosynthetic microorganisms as well as 
their energy needs. These organisms have developed specialized ways to use light for 
gaining energy and for motility. Thirty years ago, archaeal rhodopsins, retinal-containing 
proteins in halobacteria, were found to control the photomotility behavior (phototaxis) in 
microorganisms (2-3). One decade ago, such retinal-containing rhodopsins were found to 
be also crucial for light control of motility (phototaxis, which is movement in response to 
light direction, and photophobic responses, which are sudden stops and turning reactions 
that help the cells avoid spots of intense light) of the phylogenetically distant green 
flagellate alga Chlamydomonas reinhardtii (4).  
 With the C. reinhardtii expressed sequence tag (EST) Project, it was shown that 
there were certain proteins homologous to the archaeal receptors (5). Knock-down 
experiments revealed that two rhodopsins in C. reinhardtii identified with the information 
above had the ability to be photoexcited and generate the transmembrane currents and 
drive photomotility behavior in their native algal cells. Based on their sensory role, they 
were named Chlamydomonas sensory rhodopsins A and B (CSRA and CSRB) (4). 
Furthermore, these proteins were found to function as light-activated ion channels when 
expressed in Xenopus oocytes, and were therefore named as channelrhodopsins 1 and 2, 
abbreviated ChR1 and ChR2 (6-7). Alternative names are Acop-1 and Acop-2 (for 
archaeal type Chlamydomonas opsin 1 and 2) are also independently used in some 
publications (8). In consideration of the burgeoning amounts of new channelrhodopsins 
found in other different algae during recent years, I collectively called all 
channelrhodopsins here as ChR1 or ChR2 according to their properties and added the 
abbreviations with the initial letters of the native hosts’ genus and species names to the 
 3 
ChR1s and ChR2s in this thesis. For example, the first discovered ChR1 and ChR2 
mentioned above are designated as CrChR1 and CrChR2, where Cr is referred to C. 
reinhardtii in this thesis. There are two similar proteins subsequently mapped in related 
algae Volvox carteri and Mesostigma viride: VcChR1, VcChR2 (9-10) and MvChR1, 
respectively (11). 
Channelrhodopsins arouse great interests because they can be used in numerous 
fields of biomedical research, especially neuroscience. An emerging application is named 
"optogenetics", that is, to manipulate the cells by means of lights to activate expressed 
ChRs (12). This technique provides both temporal and spatial precision of stimulation in 
mammalian cells and living animals. The optogenetics have been used to demystify the 
function of normal brain and cardiac cells, stem cell differentiation, and an extensive 
range of mental and neurological diseases, such as depression, autism, schizophrenia, 
drug abuse, and Parkinson’s disease (13). In addition, to achieve the goal of gene therapy 
for vision restoration, the trial experiments have been already applied in rodent models 
with promising results (14-15). Therefore, finding new channelrhodopsins and knowing 
the basic mechanism of channelrhodopsins in algal phototaxis is undoubtedly 
fundamental to further biomedical research. 
 CrChR1 and CrChR2 separately have advantages and disadvantages in certain 
ways when applied on optogenetics. The kinetics of the currents generated by CrChR1 is 
faster than those of the currents generated by CrChR2 (16-17), which is therefore capable 
for more frequent photostimulation. However, CrChR2-generated currents show slow 
inactivation, i.e., a decrease in the current amplitude upon continuous illumination, while 
the inactivation of CrChR1-generated currents is much more rapid (16-17). Scientists 
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prefer using longer (redder) wavelength excitation when performing optogenetics, 
because long-wavelength excitation light decreases the scatter produced by biological 
tissues and avoids the absorption by hemoglobin. CrChR1 has an advantage here because 
the maximal spectrum of CrChR1-generated currents in native C. reinhardtii cells is at 
505 nm, while CrChR2-generated currents have a maximal absorption at 470 nm (4). 
However, the long-wavelength spectral sensitivity of CrChR1 can only be observed at 
acidic pH in heterologous systems (16, 18), which is not ideal for application in 
physiological environments of human cells. 
   C. reinhardtii is the most widely-used and well-studied model organism of genus 
Chlamydomonas (http://www.algaebase.org) while there are still at least hundreds of 
other species in this genus. They can be found in soil, melting snow, temporary pools, 
and eutrophic lakes. In many other Chlamydomonas species besides C. reinhardtii, the 
rhodopsin-mediated photocurrents similar to CrChR1 and CrChR2 have been recorded 
(19) and our unpublished observations). These photocurrents strongly suggested that they 
also contain channelrhodopsin specific regions, but it was unclear if the similar sequences 
have the same function as CrChR1 and CrChR2. We hypothesized that channelrhodopsin 
variants from Chlamydomonas species in the cold area inhabiting special ecological 
niches may work differently from their C. reinhardtii counterparts, and may offer 
possibly alternative advantages for optogenetic applications. C. augustae, the subject in 
my thesis is known as “snow algae”, which originally grows in areas seasonally or 
permanently covered with snow. We supposed that if we can find the channelrhodopsins 
in snow algae such as C. augustae, it has some distinctive properties compared to 
CrChR1 and CrChR2. 
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Including the new channelrhodopsin that I found in C. augustae (CaChR1), we have 
identified three new channelrhodopsin variants in these Chlamydomonas species by 
homology cloning and four other new ChRs from algae from other genera in our 
laboratory. My thesis focuses on the process of cloning, expressing and characterizing 
CaChR1, which was the first new channelrhodopsin found by homology cloning. The 
comparison of CaChR1 with the known channelrhodopsins CrChR1 and CrChR2 and 
other new-found channelrhodopsins is also described in this thesis to show the unique 
properties of this new channelrhodopsin. 
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Algal Strain and Cultivation Conditions: 
Chlamydomonas augustae was purchased from Culture Collection Program of Algae 
(UTEX) at the University of Texas, Austin, TX and the National Center for Culture of 
Marine Phytoplankton (CCMP), West Boothbay Harbor, ME. C. augustae (UTEX 
SNO134) were grown on Bold 1NV medium plates under illumination of 14 µmol 
photon · m- 2·  s-1 at 4℃ or 16℃ in enriched Bold’s basal medium which contains three 
times the amount of nitrogen source and vitamins as described at the website of the 
Culture Collection of Algae and Protozoa (UK) under illumination of 5 µmol photon · m- 
2
·  s-1 at 4℃. Illumination was set with a cycle of 16 h light, 8 h dark and cool-white 
fluorescent lamps are the light source. 
 
Primer designation: 
The degenerate primers for homology cloning were designed according to the conserved 
regions of the four earlier known channelopsins from C. reinhardtii and V. carteri, and to 
reduce their degeneracy, the primers were selected further according to the codon usage 
preference of C. augustae which was accessed from Codon Usage Database 
(http://www.kazusa.or.jp/codon/). The forward and reverse primers which eventually got 
the partial channelrhodopsin gene were designed at helix B and helix G, named as 
SYHB-F (5’-TGC GGN TGG GAG GAG RTN TA-3’), and SYOG-R (5’-AGR ATR 
TGC TCR TGR ATC-3’), respectively. The primers are synthesized by Sigma-aldrich (St. 
Louis, MO). 
 
Homology cloning  of new channelopsin sequences: 
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The fully growing algae were tranferred from plates into 25 mL liquid medium in 250 
mL flasks and grown for 18 h at 16 ℃. Total RNA was extracted with Trizol reagent 
(Invitrogen, Carlsbad, CA). Initial strand cDNA was made with the Transcriptor first 
strand cDNA synthesis kit (Roche Diagnostics, Mannheim, Germany) using oligo-d(T)  
primer. PCR fragments were then cloned into the pGEM-T Easy vector (Promega, 
Madison, WI) and sequenced by UT Sequencing Facility. For the fragments showing 
homology with channelopsins, 3’ and 5’ RACE (rapid amplification of cDNA ends) was 
performed using the SMARTer RACE cDNA amplification kit (Clontech Laboratories, 
Mountain View, CA). 
The full-length cDNA were obtained with the specific forward and reverse primers 
redesigned according to the sequenced DNA. And the full-length was cloned into the 
pGEM-T Easy vector and sequenced. The sequence encoding for the 7TM domains 
(residues 1–352) according to the prediction were inserted flanked by BamHI and NotI 
sites to exchange the existing VcChR1 sequence in the pcDNA3.1 ⁄ VcChR1-EYFP 
mammalian expression vector (a gift from Dr. K. Deisseroth, Stanford University).  The 
vector map and sequence can be downloaded at the Optogenetics Resource Center 
website. The presence of EYFP is not expected to involve channelrhodopsin properties, 
as has been shown in previous publication by quantitative comparison of currents 
generated by other fluorescent tags such as YFP-, mCherry- and myc-tagged CrChR2 
(27).  
 
Whole-cell patch clamp recording in HEK293 cells: 
 9 
HEK293 cells were transfected with the TransPass COS ⁄ 293 transfection reagent (New 
England Biolabs, Ipswich, MA). All-trans-retinal (Sigma) was fresh-made and solved in 
ethanol at the final concentration of 2.5 µM. After 2-3 days transfection, the cells were 
measured with an Axopatch 200B amplifier (Molecular Devices, Union City, CA). The 
signals were digitized with a Digidata 1440A and data were obtained with pClamp 10 
software (both from Molecular Devices). 
Patch pipettes with resistances 2–5 MΩ were made from borosilicate glass and filled with 
solution as follows: 126 mM KCl, 2 mM MgSO4 , 0.5 Mm CaCl2, 5mM EGTA, 25 mM 
HEPES, pH 7.2. On the other hand, the bath solution contained: 150mM NaCl, 1.8 mM 
CaCl
 2, 4 mM KCl, 1mM MgCl2 , 5mM glucose, 10 mM, HEPES, pH 7.4, unless 
otherwise indicated. However, in the experiments at pH 9, Tris was used to replace 
HEPES in the base solution to stabilize the higher pH. The holding potential was -60 mV 
except the IV curve measurements. Light excitation was provided by a Polychrome IV 
light source (T.I.L.L. Photonics GMBH, Grafelfing, Germany) pulsed with a mechanical 
shutter (Uniblitz Model  LS6; Vincent Associates,  Rochester, NY;  half-opening time  
0.5 ms). The light intensity was tuned manually with neutral density filters or with built-
in polychrome system. Maximal quantum density at the focal plane of the 40× objective 
lens was ca2 × 1022 photons× m- 2.  
 
Channelopsin expression and  purification from Pichia: 
The  7TM domain  of  CaChR1  (1–352  residues)  was  cloned  into  the  pPIC9K vector 
(Invitrogen, Carlsbad, CA) flanked by EcoRI and NotI sites. There are two TEV protease 
sites added at the N-terminus and before the C-terminal 6 His-tag. The 20 µg plasmids 
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was linearized with BspEI and transformed into the P. pastoris SMD1168 (his4, pep4) 
strain by electroporation according to the manufacturer’s instructions. First, since 
transformants can grow on histidine-deficient plates because the genes are integrated in 
the genome, we selected the colonies which grow on the His select plates. Second, their 
geneticin resistance has a positive correlation with the amount of DNA insertion. Say, the 
colony which could grow on 4 mg/mL geneticin is speculated to have 7-10 copies of the 
insert. A starter culture was inoculated into 500 mL minimal methanol yeast medium 
containing additional 100 mM phosphate buffer, pH 6. Expression was induced by 0.5% 
methanol every 24 h in the presence of 5 µM all- trans-retinal. Cells were grown for 2 
days, collected by low-speed centrifugation and disrupted by a bead beater (Biospec 
Products Inc., Bartlesville, Ok). Membrane fragments were harvested by 
ultracentrifugation for 1 h at 230 000 g and solubilized by incubation with 2% dodecyl 
maltoside (DDM) for overnight. The His-tagged protein was then partially purified with a 
Ni-NTA agarose column (Qiagen, Hilden, Germany).   
 
Absorption spectroscopy 
Absorption spectrum of the partially purified CaChR1 in the UV/Visible range was 
measured on a Cary 4000 spectrophotometer (Varian, Palo Alto, CA). 
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Chapter III: Homology Cloning the Channelrhodopsin Gene in Chlamydomonas 
augustae 
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Low-degeneracy Primer designing 
When we aligned the amino acid sequences of CrChR1, CrChR2, VcChR1 and VcChR2, 
we found there are several regions with high conservation which may be good targets for 
designing the degenerate primers (Fig 1). We started to use the degenerate primers in the 
regions of helix C and F with degeneracy 384 and 512, respectively (Fig 1and Table 1). 
Using cDNA of C. reinhardtii as a positive control, we got channelopsin gene 
(“channelopsin” is the name of the apoprotein, which is called channelrhodopsin when it 
is complexed with retinal) as a PCR product with these primers. However, we could not 
get any PCR products from cDNA of C. augustae and C. nivalis. Considering that there 
may be some secondary structures in the cDNA of helix C and F or other problem, we 
looked for other regions of conservation and switched the targeting regions to helix B and 
the region beyond helix G and re-designed the primers (named SYHB and SYOG, 
respectively. Fig.1 and Table2) 
To reduce the degeneracy, we looked up the codon usage of the Chlamydomonas genus 
and selected the possible of codons of C. augustae and C. nivalis (Table 2). The final 
degeneracy was narrowed down to 32 and 16.  
 
With these new primers, we cloned a 600-bp PCR product from cDNA of C. augustae, 
which has 30-52 % similarity compared to the amino acid sequences of CrChR1, 
CrChR2, VcChR1, and VcChR2. With RACE PCR technique, we obtained the full length 
(713 aa) channelopsin homolog (Acc. No. JN596951).  In addition, with these primers 
and the methods of reducing the degeneracy, we also got the channelopsin homologs 
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from C. yellowstonensis (717 residues, Acc. No. JN596948) and C. raudensis (635 
residues, Acc. No. JN596949).   
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Figure 1: The alignment of amino sequences of CrChR1, CrChR2, VcChR1 and VcChR2. 
The total identical amino acids are shown in black blocks. The white arrows of helix C 
and F are the primers that failed to get any PCR products from cDNA of new 
Chlamydomonas algae. The red arrows at helix B and the region beyond G are the 
primers (SYHB and SYOG) that we successfully used for cloning the partial gene of 
CaChR1.   
Helix A 
Helix B 
Helix D Helix C 
Helix E Helix F 
Helix G 
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Primer names Helix C:  W L R Y A E W  
  
Degeneracy 
chlr_deg_87s tgghtnmgntaygsagaatgg 384 
chlr_deg_88s tgghtnmgntaygstgaatgg 384 
chlr_deg_89s tgghtnmgntaygscgaatgg 384 
chlr_deg_90s tgghtnmgntaygsggaatgg 384 
chlr_deg_91s tgghtnmgntaygsagagtgg 384 
chlr_deg_92s tgghtnmgntaygstgagtgg 384 
chlr_deg_93s tgghtnmgntaygscgagtgg 384 
chlr_deg_94s tgghtnmgntaygsggagtgg 384 
 
Primer names Helix F:  W A M F P V L F   
   
Degeneracy 
chlr_deg_95a aanarnaynggraacatagccca 512 
chlr_deg_96a aanarnaynggraacattgccca 512 
chlr_deg_97a aanarnaynggraacatcgccca 512 
chlr_deg_98a aanarnaynggraacatggccca 512 
chlr_deg_99a aanarnaynggraacatacccca 512 
chlr_deg_100a aanarnaynggraacattcccca 512 
chlr_deg_101a aanarnaynggraacatccccca 512 
chlr_deg_102a aanarnaynggraacatgcccca 512 
 
Table 1: The primers of helix C and F, which have high degeneracy.  
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Table 2: The codon usage frequencies of Chlamydomonas genus.  
The numbers after triplets are the frequency per thousand genes while the numbers in 
parenthesis are the amounts. 
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Table 3: The primers of helix B and out of helix G, which are with low degeneracy 
 
Table 3: The optimized primers of helix B and out of helix G, which have much lower 
degeneracy compared to those in table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                       I H E H I L  
16 agratrtgctcrtgratc  SYOG-R  
32 Tgcggntgggaggagrtnta  SYHB-F 
Degeneracy                  T C G W E E I   Primer names Helix B 
Out of Helix G   
 18 
Sequence comparison of CaChR1 with other channelrhodopsins 
              The new channelopsin protein from C. augustae shares some common features 
with all so far known channelopsins: a predicted seven transmembrane (7TM) domain 
responsible for light-gated channel activity and a C-terminal domain with various lengths 
and yet unknown function. When the 7TM domains are analysed separately from the rest 
of the domains or the overall sequence homology is concerned, ChR1s and ChR2s are 
roughly divided into two branches on the phylogenetic tree (Fig. 2a). The C-terminal 
domain sequence of new channelopsin shows closer homology to CraChR2/VcChR2 
branch (Fig. 2b).  However, the sequences of the new channelopsin from C. augustae and 
the new one found in C. yellowsonesis) are so close to each other that they always form 
an individual branch from other channelopsins. 
           Although the overall sequence of the new channelopsin from C. augustae seems 
closer to CraChR2/VcChR2, it has two molecular determinants which are exclusively 
conserved in CrChR1/VcChR1 sequences: 1) Glu87 (CrChR1 numbering) in the 
predicted helix A is accounting for pH-dependent color tuning and fast channel 
inactivation of CrChR1, when compared to CrChR2 (19); 2) Tyr226 (CrChR1) in the 
predicted helix E, as compared to Asn187 to CrChR2, results in differences of spectral 
sensitivity, inactivation and kinetics between CrChR1 and CrChR2 (22). According to 
these criteria, the new channelopsin of C. augustae along with the one of C. 
yellowsonesis are supposed to belong to the CrChR1/VcChR1 class (Fig. 2). Their red-
shifted spectra are the further evidences to classify them into the CrChR1/VcChR1 group 
(see below), as compared to the CrChR2/VcChR2 class (9,16). Thus, we named the new 
channelopsins as CaChR1 and CyChR1, respectively. In contrast, according to the two 
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above-mentioned molecular determinants, the sequence from C. raudensis (CraChR2) 
should belong to the CrChR2/VcChR2 class. However, this placement is only tentative 
because we so far cannot see any photocurrents generated by CraChR2 in HEK cells.  
              With a look of the 7 TM domain of CaChR1 sequence more carefully, we found 
some other conserved residues at the critical sites which may form the retinal-binding 
pocket and are coincident with other known rhodopsins/channelrhodopsins.  These 
include: 1) His at the position of the Schiff base proton donor (Asp96 according to 
bacteriorhodopsin (BR) numbering); 2) Glu in the position of the Schiff base proton 
acceptor (Asp85 in BR); 3) five Glu residues in or near the predicted helix B; 4) Cys128 
and Asp156 (CrChR2 numbering) that form a predicted hydrogen bond between the 
helices C and D (20-22). 5) Tyr57, Gly122, Trp182, Asp212 and Lys216 (BR numbering) 
are conserved in CaChR1, while Tyr185 and Trp189 (BR numbering) are occupied by 
Phe residues. These are the biggest differences between previous known channelopsins 
and other microbial rhodopsins.   
The function of C-terminal domains of channelrhodopsins remains unknown, although 
CaChR1 and CyChR1 again show close similarity (Fig. 2b). No helices are predicted in 
the C-terminal domains of CaChR1 in contrast to CrChR1 (4). Interestingly, as in 
previously known channelrhodopsins, the C-terminal domains of CaChR1 contain highly 
conserved regions which are unique and with no homology to any other known proteins. 
These conserved regions are composed of repeats that vary in amino acid compositions 
and length among different channelopsins. In CaChR1, the features are long stretches of 
Gly-Met repeats, Gln repeat and Met-rich regions. Such repeats/ regions are predicted to 
form homopolymeric oligomers (24), which occur in many eukaryotic proteins and may 
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also be involved with protein-protein (24) or protein-membrane (25) interactions. At the 
very end of the C-terminal domains, there is a highly conserved region of about 40 
residues which can be found in all so far known channelrhodopsins except MvChR1. This 
40 a.a residue has homology to domains in fibrinogen and ABC transporters that account 
for protein multimerization and protein-protein interaction. Channelrhodopsins are 
located at the membrane in the eyespot (8,18) in algal cells and are attached to the 
acetylated microtubules of the four-membered flagellar rootlet (26). Therefore, the C-
terminal domains are supposed to control subcellular localization of channelrhodopsins. 
 CaChR1 has an extra large extracellular N-terminal region compared to other 
channelopsins. This region contains a conserved N-glycosylation site. The CrChR1 and 
several other channelopsins (except CraChR2) also have such possible glycosylation sites 
but at different positions in the N-termini (Fig. 3). The similar possible N-glycosylation 
sites are also located at the cytoplasmic end of helix C among all so far known 
channelopsins. The well-known protein which has N-glycosylation sites in the 
cytoplasmic domains of proteins is the α-subunit of mammalian Na+, K+-ATPase (27).   
The glycosylation of CrChR2 was confirmed by treatment with peptidyl N-glycosidase F 
when heterologously expressed. However, the positions and amount of glycosylation 
remain undetermined (28). The glycosylations are responsible for proper folding and 
targeting of channelrhodopsins. Thus it can be an explanation why several investigators 
have tried but did not succeed in getting the functionally expressed channelrhodopsin in 
E. coli. Unlike CrChR1, CaChR1 sequences lack an additional α-helix predicted in the 
N-terminus which is predicted as a signal peptide.   
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                 It is speculated that when Chlamydomonas algae exhibit phototaxis, 
channelrhodopsin phosphorylation is involved in the processes of adaption which allows 
the broad range of light intensities. Three phosphorylated residues of CrChR1 were 
identified by phosphoproteomics of the eyespot fractions. The phosphorylated sites were 
found in the cyplasmic loop next to the 7TM and this loop is highly conserved in so far 
known channelopsin sequences (except MvChR1). Therefore, Ser 366 and Ser 384 in 
CaChR1 (Ser 359 and Ser 377 in CrChR1) are suggested to be the phosphorylated 
residues. However, Thr374 is unique for CrChR1 because none of other channelopsins 
has this phosphorylated residue (Fig.3).   
                  Since C. augustae grows at the low temperature, and we expect its 
channelrhodopsin has some unique properties compared to other channelopsins, it is also 
important to examine whether CaChR1 has some special amino acid composition like 
other psychrophilic (cold-loving) organisms. There are some features of psychrophilic 
organisms such as decreased percentages of Pro, Arg and Ala residues, and an increased 
percentage of Ile residues (29, 30) in CaChR1. But no increased percentage of Gly can be 
found in CaChR1, another psychophilic protein indicator.   
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Figure 2: Phylogenetic trees of the 7TM domains (a) and the C-terminal domains (b) of 
the so far known channelopsins constructed by the neighbor-joining method.  
The abbreviations of channelrhodopsins are as follows: CrChR1 = channelrhodopsin 1 
from C. reinhardtii; CrChR2 = channelrhodopsin 2 from C. reinhardtii; VcChR1 = 
channelrhodopsin 1 from Volvox carteri; VcChR2 = channelrhodopsin 2 from V. carteri; 
MvChR1 = channelrhodopsin 1 from Mesostigma  viride; CyChR1 = channelrhodopsin 1 
from C. yellowstonensis; CraChR2 = channelrhodopsin 2 from C. raudensis; HpChR1 = 
channelrhodopsin 1 from Haematococcus pluvialis. 
 
 
 
 
 
 
 
New channelopsin  
from C. augustae 
New channelopsin  
from C. augustae 
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Figure 3: Partial alignment of Chlamydomonas channelopsin and bacteriorhodopsin (BR)  
sequences.  
Black background: highly conserved identical residues.  
Turquoise background: positions of the residues that form the retinal-binding pocket in 
BR.  
Green background indicates: Glu residues in the predicted helix B.   
Magenta background: molecular determinants that differentiate CrChR1 ⁄ VcChR1 from 
CrChR2 ⁄ VcChR2.  
Red background: residues in the position of the proton donor in BR.  
Blue background:  residues in the positions of Glu194 and Glu204 in BR.  
Yellow background: predicted glycosylation sites.  
Olive background: conserved residues known to be phosphorylated in CrChR1 or 
CrChR2.  
Underlined characters: the regions that form transmembrane helices in BR. 
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Chapter IV: Heterologous Expression of the Channelrhodopsin Gene in HEK cells 
and Electrophysiological Characterization  
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 Functional characterization of new channelrhodopsins 
           The fluorescence of EYFP-tags followed by 7TM domains of CaChR1 indicated 
that the expression in the plasma membrane of HEK293 cells is successful. The typical 
signals recorded at the maximal light intensity under our standard conditions (holding 
potential (Vhold) -60 mV and bath pH 7.4) shows in Figure 4. The currents generated by 
CaChR1 and CyChR1 had similar features while they are quite different from the kinetics 
of the currents generated by CrChR1, that generated by CaChR1 were however quite 
unique. The currents generated by CrChR1 have a rapid initial rise with a time constant 
(τ) ~ 1 ms which is followed by a peak and a rapid (τ ~ 5 ms) decline under continued 
illumination, i.e., inactivated to a lower level (Fig. 4a, black line). The currents displayed 
a consequent slight increase with τ ~ 200 ms in many HEK cells. The CrChR1 also has 
similar behavior reported in a previous publication. (31). However, the rise of CaChR1 
generated currents has two distinct phases. The first rapid phase resembled CrChR1-
generated currents, but a slower rising phase with τ ~ 20 ms appeared later (Fig. 4a, red 
and green lines). After the peak, CaChR1-generated currents ended with an inactivation 
which is remarkably slow (τ ~500 ms). 
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Figure 4: (a) Typical kinetics of light-induced currents generated by ChR1s in HEK293 
cells: CrChR1 (black dots), CaChR1 (red dots) and CyChR1 (green dots). (b) Decay of 
the same ChR1 currents after 2 s illumination. The currents in (a) have been normalized 
to the peak amplitude, and the currents in (b) has been normalized to the plateau level and 
respectively fitted with three (a) or two (b) exponential functions (solid lines). The 
excitation wavelength was 520 nm, 520 nm and 480 nm for CaChR1, CyChR1, and 
CrChR1, respectively. These measurements are done under a series of light pulses with 
30s time intervals. The cells homogeneously expressing EYFP fluorescence were selected 
for these measurements. Bath pH was 7.4, V hold was -60 mV.) 
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            The CaChR1-generated currents have a bigger peak compared to the plateau 
level, which is measured at the end of the first light flash. The peak/plateau was not fully 
recovered even after 30 min dark interval, suggesting a very slow adaptation process, or 
an irreversible bleaching existed. The latter may due to the unstable pigments. However, 
the currents generated by the second and all succeeding flashes recorded with 30 s dark 
intervals had no obvious differences. The peak/plateau ratio of CrChR1 measured in our 
laboratory at the maximal light intensity was 1.7 ± 0.2 (mean ± SEM, n = 8), which was 
similar to the earlier reported results (32), while the peak/plateau ratio of CaChR1 was 
notably smaller: 1.2 ± 0.1 (mean ± SEM, n = 12 and n = 6, respectively). The absolute 
plateau amplitude was 101 ± 25 pA (mean ± SEM, n = 8) for CrChR1, while it was 64 ± 
9 pA (mean ± SEM, n = 12) for CaChR1. After light was off, the currents decayed 
biexponentially with τ ~ 15 and ~ 120 ms for CaChR1, which was both slower than that 
measured for CrChR1 (Fig. 4b), but similar to that for CrChR2 (17). 
            The most extensively used channelrhodopsin variant in optogenetics, CrChR2, 
produces huge enough currents in HEK cells even solely relying on the endogenous 
retinal (19) and our own unpublished observations), indicating the trace amount of 
CrChR2/retinal complex present in these cells is enough for working functionally. 
However, the currents in cells transfected with CaChR1or CrChR1 were significantly 
smaller with no additional exogenous retinal: their plateau levels dropped to only ~ 8% 
for CaChR1 and ~ 26% for CrChR1 compared to the results obtained in the presence of 
exogenous retinal. 
 CrChR1 and many channelrhodopsins displayed a typical dependence on the 
holding potential (Vhold), and CaChR1-generated current was also greatly influenced by 
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the holding potential. (Fig. 5a, and c.)  As the same as that for CrChR1, the reversal 
potentials (Vr) were near zero observed in our laboratory.  In order to test if CaChR1 is a 
highly proton-selective channel like CrChR1 (ref), we prepared different buffer for HEK 
cells to change the external pH and tested proton permeability of CaChR1 by measuring 
current-voltage relationships (I-V curves). Lowering the pH of the external buffer raised 
the current amplitude at a given voltage and the reversal potential became more positive. 
The degree of this shift for CaChR1 was like that for CrChR1 (Fig. 5a and c). Therefore, 
we can conclude that CaChR1, like CrChR1 (6, 18), is highly selective for protons. 
However, after the light is off, the rate of current decay for CaChR1 slightly increased 
when the bath pH dropped from 7.4 to 5.4. (Fig.5d). In contrast, that for CrChR1 
decreased at acidic bath pH in the previous study (17).  
 
 
 
 
 29 
  
Figure 5: (a and c) Typical current-voltage relationships (I–V curves) for the plateau 
level. The I-V curves were measured at the tail of a 2 s excitation light pulse with an 
increasing Vhold  with 20 mV steps from -60 mV at the bath pH 7.4  and 5.4 (solid squares 
and open circles, respectively) in HEK293 cells expressing CrChR1or CaChR1. 
Corresponded to the spectral maxima of CaChR1 and CrChR1, the wavelength was 520 
nm and 480 nm, respectively (b and d). Normalized current decay traces recorded from 
cells expressing CrChR1or CaChR1 at -60 mV as holding potential. The measurements 
at different pH 7.4 or 5.4 were subsequently recorded with the same cell. It is worth 
notice that the opposite effects of pH changes on the decay kinetics in CaChR1 and 
CrChR1. Zero time began from the end of a 2 s excitation light pulse. Excitation light 
was the same as in a and c. Experimental data (dots) were fitted with two exponential 
functions (solid lines). 
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               The lower intensity light was used to measure the spectral sensitivity of 
photocurrents with the method described earlier for MvChR1-generated currents (11). 
The maximal sensitivity for CaChR1 was at 520 nm at pH 7.4 (Fig. 6a and b, black 
squares), which is 40 nm longer than both that of the action spectrum of CrChR1-
generated currents in oocytes and the absorption spectrum of purified CrChR1 at neutral 
pH (17, 18). For CaChR1, the spectra almost stayed the same when measured at neutral 
(7.4) and acidic (5.4) pH (Fig. 6a and b, black and red symbols), while the spectrum of 
CrChR1 displayed a big red shift when the pH of the medium decreased (17, 18).  
However, when the pH increased from 7.4 to 9, there was a tiny blue shift (~10 nm) in 
the spectrum of CaChR1 (Fig. 6a and b, green solid triangles). 
    
 
 
 
 
 
 
 
 
 
 
 
 
 31 
 
Figure 6:  (a, b) The action spectra of photoelectric currents detected in HEK293 cells by 
CaChR1 (a) or CyChR1 (b) at the bath with neutral pH (7.4), acidic pH (5.4) or basic pH 
(9.0) in black squares, red circles and green solid triangles. respectively. In contrast, the 
action spectrum from C. reinhardtii measured at pH 7.4 is shown in Panel a (blue open 
triangles, dashed line). 
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Chapter V:  Heterologous Expression of the Channelrhodopsin Gene in Pichia 
pastoris and Protein Characterization 
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          To get the sufficient amount of new channelrhodopsin proteins to do functional 
assays such as absorption spectrum and photocycle measurements or obtain the structure 
by crystallization, we have tried different expression systems. Firstly, we tried 
heterologously expressed CrChR2, MvChR1, CyChR1 and CraChR1 in E.coli UT5600 or 
BL21, but none of them could be expressed in these prokaryotic systems. Since CrChR1, 
CrChR2, MvChR1, CyChR1, CaChR1 could all be expressed in mammalian HEK293 
cells (some of the channelrhodopsins which can be expressed successfully in our lab are 
listed in table 4), we speculated that there may be several post-transcription sites such as 
glycosylation and phosphorylation sites in channelrhodopsin as predicted before, and that 
is the reason we can only get the channelrhodopsins in eukaryotic system.  
   
            Therefore, we chose a yeast system. We started from expressing CaChR1 in the 
Pichia pastoris strain GS115, but the expression level was very low, which is coincident 
with previous reported attempts (18). To improve the expression amount, we switched to 
the strain SMD1168, which is deleted for much of the PEP4 gene and may keep more 
proteins from degradation. With this host and the vector pPIC9K rendering multiple 
cloning integration, we successfully got 6.4 mg from 1 liter Pichia culture as estimated 
from absorbance at 520 nm. Subsequently, this method is also successful on expression 
of CrChR2 (Table 4). 
               With partial purification, we obtained the CaChR1 protein enough for the 
subsequent experiments. The absorption spectrum of CaChR1 partially purified from 
Pichia is perfectly coincident with the action spectrum of photocurrents generated by this 
pigment in HEK cells, which shows that its native state was essentially preserved in 
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detergent (Fig. 7).  The result suggests the CaChR1 folds and functions well with the 
presence of all-trans-retinal in either yeast cells or mammalian cells, which may be the 
model to determine how it works in the native algal cells.  
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  HEK cells E.coli 
pichia 
cells 
CrChR1 V N/A X 
CrChR2 V N/A V 
VcChR1 V N/A N/A 
HdChR1 
(Haematococcus pluvialis) X N/A N/A 
MvChR1 V X X 
CaChR1  V N/A V 
CyChR1  V X N/A 
CraChR2 X X X 
DsChR1 
(Dunaniella salina) V N/A ongoing 
PsChR1 
(Platymonas subcordiformis) V N/A ongoing 
Table 4: Some of the channelrhodopsins expressed with different expression systems in 
our laboratory. 
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 Figure 7: The absorption spectrum of partially purified CaChR1 in detergent (black 
line) compared with the action spectrum of photocurrents (open circles) in HEK cells in 
pH 7.4. 
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Chapter VI. Discussion and Future Perspectives 
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             In the past decade, scientists keep looking for more efficient and various 
optogenetic tools. With this hope, they launched studies of molecular engineering with 
known channelrhodopsins, especially CrChR2 (e.g., (33-35)). However, this approach is 
limited because of the current minimal understanding of their structure and function.     
In order to expand the toolbox of channelrhodopsin probes for optogenetic 
applications,meanwhile, we need to expand the basic knowledge of channelrhodopsin.  
We expect to find natural channelrhodopsin variants in other algal species, and analysis 
of accessible genomic and EST databases is a resourceful way to explore for new 
channelopsins. Sequences from C. reinhardtii, V. carteri and M. viride have been cloned 
by this method. MvChR1 from the latter is the most different variant so far which acts as 
a light-gated channel (11). 
 However, we can only obtain the handful of phototactic algal DNA sequences 
since there are only a few algal sequencing have been launched. Thus, the homology 
cloning of new channelopsins is required. The microbial opsin genes from the 
cryptophyte Cryptomonas and the glaucophyte Cyanophora had been successfully cloned 
by homology cloning in previous publications. (36-37). However, these genes are 
phylogenetically very far from known channelopsins of green algae and when they were 
expressed in HEK cells ion channel activity could not be observed. (with our unpublished 
observations). 
 In this thesis, I used homology cloning to identify new channelopsin sequences in 
C. augustae which has reasonably high homology with the earlier known channelopsin 
genes CrChR1.  However, along with CyChR1 and CauChR2 which are cloned in our lab 
with the same strategy, we only got one channelopsin gene in one algal species, whereas 
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there are both two genes cloned from C. reinhardtii and V. carteri. In C. reinhardtii, 
CrChR1 functions as a fast, high-saturating current component, whereas CrChR2 works 
in a slow (delayed), low-saturating current fashion (4).  We have tested almost all 
flagellate species which generate rhodopsin-mediated photocurrents, there are two 
components can be detected in native cells except M. viride (38). Therefore it is highly 
likely that most algae, including C. augustae, C. yellowstonensis and C. raudensis, also 
contain at least two channelrhodopsin homologs. To “fish” more possible 
channelrhodopsin genes in the same organism, we may optimize the primer designing 
according to the codon usage/preference in ChR1 and ChR2 in the future study.  
 Photocurrents generated by CaChR1 have different fashion from that of CrChR1 
in the kinetics, inactivation and light dependence, suggesting at least quantitatively they 
may have different photochemical reaction cycles. CaChR1 generated currents has a 
dependence on the external pH, which may result from the residue in the position of 
Glu94/Glu87 (CaChR1/CrChR1 numbering) in color tuning). MvChR1, in contrast, does 
not display the spectral shift over the whole tested pH range from 5.3 to 9, maybe 
because it contains a non-carboxylated residue in this position instead (11). This residue 
was suggested to help the formation of the counterion of the protonated Schiff base, 
which is a unique character of ChR1-like channelrhodopsins in contrast to ChR2-like 
ones (17). Thus, protonation/deprotonation of this residue would influence on the 
chromophore polarity and alter the absorption spectrum. Interestingly, both CaChR1 and 
CyChR1 have the spectral transition at a higher pH than that in CrChR1. 
 In addition, CaChR1 is different from the CrChR1 in that the spectral maximum 
of their protonated forms occurs at 520 nm (CrChR1 is at 497 nm) (18). The red-shifted 
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spectrum of VcChR1, which has a maximum at 530 nm, due to the residues in the 
positions of Ser141 and Ala215 (BR numbering), are unique from all other known 
channelrhodopsins (9). However, CaChR1 contains Gly and Ser which remains in all 
other known channelopsins except VcChR1. The other structural/spatial reasons may 
account for their red-shifted spectral sensitivity. We need additional structural data to 
define the influence on pH dependence of the spectral sensitivity with crystallization or 
Cryo-EM. 
  CaChR1 contains two unique residues found in the positions of Glu194 and 
Glu204 (BR numbering), which are different from CrChR1 and, in fact, from all other 
known channelrhodopsins. The residues Glu194 is conserved in all other known 
channelopsins, while CaChR1 has a Ser at this position. On the other hand all previously 
known channelopsins have a Ser at position Glu 204 (BR numbering), but it is Asp in 
CaChR1. In BR, Glu194 and Glu204 attribute partially to extracellular hydrogen-bonded 
network in the proton release pathway (39) and are known to account for pH dependence 
of spectral transitions (40). It is reasonable that these residues are also in charge of 
regulating the pH dependence and/or color tuning in channelrhodopsins. The further 
studies such as mutagenesis are required to test this hypothesis.   
 The advantages of CaChR1 on optogenetic application are its lesser inactivation 
of photocurrents and red-shifted spectral sensitivity. However, the currents generated by 
CaChR1 in HEK cells were much smaller than those generated by CrChR1 and CrChR2. 
If small currents of CaChR1 result from poor expression/targeting, these can potentially 
be optimized by the addition of ER export sequences and/or signal peptides. This method 
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has successfully worked on molecular engineering of Halorhodopsin for use as an 
optogenetic tool (41). 
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